Numerous musculoskeletal pain disorders are based in dysfunction of peripheral perfusion and are often comorbid with altered cardiovascular responses to muscle contraction/exercise. We have recently found in mice that 24 h peripheral ischemia induced by a surgical occlusion of the brachial artery (BAO) induces increased paw-guarding behaviors, mechanical hypersensitivity, and decreased grip strength. These behavioral changes corresponded to increased heat sensitivity as well as an increase in the numbers of chemosensitive group III/IV muscle afferents as assessed by an ex vivo forepaw muscles/median and ulnar nerves/dorsal root ganglion (DRG)/spinal cord (SC) recording preparation. Behaviors also corresponded to specific upregulation of the ADP-responsive P2Y1 receptor in the DRGs. Since group III/IV muscle afferents have separately been associated with regulating muscle nociception and exercise pressor reflexes (EPRs), and P2Y1 has been linked to heat responsiveness and phenotypic switching in cutaneous afferents, we sought to determine whether upregulation of P2Y1 was responsible for the observed alterations in muscle afferent function, leading to modulation of muscle pain-related behaviors and EPRs after BAO. Using an afferent-specific siRNA knockdown strategy, we found that inhibition of P2Y1 during BAO not only prevented the increased mean blood pressure after forced exercise, but also significantly reduced alterations in pain-related behaviors. Selective P2Y1 knockdown also prevented the increased firing to heat stimuli and the BAO-induced phenotypic switch in chemosensitive muscle afferents, potentially through regulating membrane expression of acid sensing ion channel 3. These results suggest that enhanced P2Y1 in muscle afferents during ischemic-like conditions may dually regulate muscle nociception and cardiovascular reflexes.
Introduction
Musculoskeletal pain resulting from reduced blood flow and oxygenation to the periphery is a common clinical complaint (McDermott et al., 2004; Norgren et al., 2006; Davies, 2012) . This occurs in prevalent disorders, such as peripheral vascular disease (PVD) or complex regional pain syndrome (CRPS; Coderre and Bennett, 2010) . Ischemia is first associated with intermittent fa-tigue but can progress to pain at rest in these patients (Ouriel, 2001; Meru et al., 2006) .
Thinly myelinated (group III) and unmyelinated (group IV) primary afferents that innervate skeletal muscles can function as nociceptors and are the initiators of pain states resulting from peripheral injuries, such as ischemia (Mense, 2003; Birdsong et al., 2010; Ross et al., 2014) . However, there is also an abundance of evidence that these same group III/IV muscle afferents comprise the sensory component of the exercise pressor reflex (EPR), which is a well studied cardiovascular response that causes an increase in cardiac output and blood pressure during exercise or muscle contraction (McCloskey and Mitchell, 1972; McMahon and McWilliam, 1992; Amann et al., 2010) . Muscle tissue generates heat (González-Alonso et al., 2000) and releases metabolites, such as protons, ATP, and lactic acid, during contraction (Bockman, 1983; Bockman and McKenzie, 1983; MacLean et al., 1998) . The group III/IV muscle sensory neurons are known to respond to thermal stimuli Jankowski et al., 2013; Queme et al., 2013; Ross et al., 2014) and different combinations of these same metabolites (Light et al., 2008) . Specifically, there is one population of muscle afferents that responds to a combination of ATP, lactic acid, and protons that resembles the environment in the muscle during moderate exercise, and a second population that responds exclusively to the same metabolites but in a higher concentration, similar to what is produced in muscle tissue during ischemic contractions (Alam and Smirk, 1937; Kniffki et al., 1978; Kaufman and Rybicki, 1987; Light et al., 2008; Jankowski et al., 2013; Pollak et al., 2014; Ross et al., 2014) . Human subjects that received intramuscular injections of these metabolite mixtures reported that the solution associated with moderate exercise produced a sensation of fatigue while injection of the more concentrated mixture caused a feeling of muscle pain (Pollak et al., 2014) .
Numerous channels/receptors that respond to acidic conditions or ATP have been linked to the production of muscle pain, but also to the regulation of the EPR. These channels/receptors include acid sensing ion channels (ASICs) and various P2 receptors (Hanna and Kaufman, 2003; North, 2004; Hayes et al., 2007 Hayes et al., , 2008a Tsuchimochi et al., 2011) . Evidence shows that, in addition to afferents that respond to these aforementioned metabolites, there are thermally sensitive afferents that also play a role in EPR alterations after injury (Gao et al., 2007; Sluka et al., 2007) . One type of purinergic receptor, P2Y1, has been shown to modulate heat sensitivity and phenotypic changes in the expression of transient receptor potential vanilloid 1 in cutaneous C-polymodal fibers during inflammation (Molliver et al., 2011; Jankowski et al., 2012a) . We have further shown that P2Y1 is also upregulated in the dorsal root ganglia (DRGs) after muscle ischemia (Ross et al., 2014) , and mice with 24 h ischemic injury experience spontaneous pain-like behaviors, decreased mechanical thresholds to von Frey hair stimulation of the plantar surface of the affected forepaw, and decreased muscle strength (Ross et al., 2014) . These behaviors have been associated with an increase in the response intensity to heat stimulation of the muscles and in the prevalence of chemosensitive group III/IV muscle afferents (Ross et al., 2014) . Based on these facts, we sought to test the hypothesis that upregulation of P2Y1 in the DRGs during BAOinduced ischemia would not only alter observed changes in the specific responses to different thermal and chemical stimuli in muscle afferents, but would also block alterations in pain-related behaviors and EPRs.
Materials and Methods
Animals. Experiments were conducted with young adult (3-8 weeks) male Swiss Webster mice (Charles River). All animals were housed in a barrier facility in group cages of Յ4 mice, maintained on a 12 h light/dark cycle with a temperature-controlled environment, and given food and water ad libitum. All procedures were approved by the Cincinnati Children's Hospital Research Foundation Institutional Animal Care and Use Committee and adhered to National Institutes of Health Standards of Animal Care and Use under practices approved by the Association for Assessment and Accreditation of Laboratory Animal Care.
Induction of ischemia. A complete brachial artery occlusion (BAO) was used to induce an ischemic injury that at the same time allowed for precise control of the of blood flow received by the forepaw muscles. The procedure was performed as previously described in Ross et al. (2014) . Briefly, mice were anesthetized with 3% isoflurane, and then, under a dissection microscope, a small incision was made in the right forelimb above the elbow. The right brachial artery was exposed proximal to the ulnar artery/radial artery split. The vessels were gently loosened from adjacent connective tissue and then the brachial artery was tied using a 7-0 silk suture. Incisions were closed with 6-0 silk sutures. Except for the baseline behavioral time points, all assessments were performed 1 d after the BAO.
Nerve-specific siRNA injections. Specific targeting siRNAs were used to selectively knock down the expression of the ADP receptor P2Y1 (Thermo Fisher Scientific) and conjugated to penetratin-1 (MP Biomedicals) as described by Davidson et al. (2004) and Jankowski et al. ( , 2010 Jankowski et al. ( , 2012a . This particular duplex was previously determined to have the highest targeting efficiency to P2Y1 based on the knockdown efficacy of four different P2Y1-targeting siRNAs in vitro (Jankowski et al., 2012a , data not shown). The one duplex used in the current study and in the experiments of the previous report is as follows: sense: 5Ј-S-S-GAA GUUAUUUCAUCUACAGUU; antisense: 5Ј-P-CUGUAGAUGAAA UAACUUCUU (Jankowski et al., 2012a) . Our nontargeting control siRNA used in this report and in others (Jankowski et al., , 2010 (Jankowski et al., , 2012a has been determined to not target any gene in the mouse genome (Thermo Fisher Scientific, catalog #D-001206-14-05). The sequence for the nontargeting siRNA duplex is as follows: sense: 5Ј-S-S-UAGCGACUAAACACAUCAAUU; antisense: 5Ј-DY547-UUGAUGU GUUUAGUCGCUAUU.
Two days before BAO, mice were anesthetized as described. A small incision was made in the inner midforelimb region, proximal to the elbow, and exposed the ulnar and median nerves to be injected. siRNAs were heated to 65°C for 5 min before injection. Using a quartz microelectrode connected to a picospritzer, we pressure injected 0.1-0.2 l of 90 M penetratin-1 linked nontargeting, control (PenCON) or P2Y1-targeting siRNAs (PenY1) directly into the median and ulnar nerves. We have previously shown that this injection protocol does not significantly injure the affected sensory afferents, nor does it provoke antiviral-related responses (Jankowski et al., , 2010 (Jankowski et al., , 2012a , but it does enable us to specifically determine whether dynamic changes in gene expression in specific affected sensory afferents play a role in observed alterations in sensory fiber responses or animal behaviors.
Nociceptive behaviors and measurement of EPRs. Separate groups of naive (Naive), BAO, PenCON plus BAO (PenCONϩBAO), or PenY1 plus BAO (PenY1ϩBAO) mice were used for behavioral analysis (n ϭ 10 per group). Testing of pain-related behaviors was performed as previously described by Ross et al. (2014) . Briefly, mice were first tested at baseline, ϳ2 h before injury (BAO), and then again 1 d after injury. All behavioral testing was performed in the morning. While it was not possible to blind the experimenter to the presence of injury due to the necessary incision in the forelimb, the experimenter was blinded to the pretreatment status of the animal (PenY1 siRNA injected, PenCON siRNA injected, or BAO alone). Nociceptive testing included three behavioral assessments: forepaw guarding, von Frey filament stimulation of the plantar surface of the forepaws, and forelimb grip strength, in this order. Mice were placed in a raised acrylic glass chamber with a steel mesh bottom and allowed to habituate for Ն30 min. To evaluate guarding behavior, mice were assigned a score of 0 -2 (0, mouse places foot firmly on mesh; 1, mouse does not bear full weight on foot; 2, mouse holds foot completely above mesh) every 5 min for 12 total observations. The average score for the 12 trials was determined for each mouse per behavioral day. Mechanical withdrawal thresholds on the forepaws were then determined by stimulating the plantar surface with an increasing series of von Frey filaments (0.07-4 g). Threshold to withdrawal was recorded for Ն3 trials with 5 min intervals between stimulations, and the average of the three trials was used for analysis. Last, mice were assayed for forepaw muscle strength using a grip-strength meter (BioSeb). Animals were held by the tail over a metal grid until they firmly held it with both forepaws, but were not allowed to grip the grid with their hindpaws. Then they were quickly pulled back horizontally (along the axis of the force sensor) until they could not retain their grip. Grip strength was measured (in grams) in three rounds of three trials each, with 5 min between each round. The average of the nine trials was used for analysis.
After these assessments were made, we designed a low-intensity, forced-run protocol to evaluate cardiovascular function. This protocol was based on previous work by Kemi et al. (2002) and Billat et al. (2005) . Before and immediately after the exercise session, each mouse was placed in a small acrylic restrainer adequate for the mouse's size and weight, and allowed a short period of acclimation (ϳ5 min). Then its blood pressure and heart rate were measured 60 times (maximum number obtained per mouse) with a tail-cuff blood pressure system (Kent Scientific). Data were collected using Coda software (Kent Scientific) and analyzed offline. The first 20 measurements were used to acclimate the mice to tailcuff inflation and were not used for analysis. Unreliable measurements were automatically discarded by the software, and manual discards were made when the animal showed excessive movement that generated signal artifacts. As a control to verify that the exercise activity was not influencing the pain-related hypersensitivity due to BAO, we performed all the behavioral assessments before and immediately after exercise but before BAO and again 1 d after occlusion surgery. For this analysis, a blinded experimenter evaluated two different groups of mice, one exposed to BAO (n ϭ 8) and another to sham surgeries (a thread was placed around the brachial artery but was not tied to block the blood flow, n ϭ 4).
For the exercise protocol, the mice were run at baseline (immediately before BAO) and 1 d after surgery on a modular treadmill with an Oxymax sensor (Columbus Instruments), calibrated with standardized gas mixtures before every testing session, to monitor oxygen consumption (VO 2 ). VO 2 monitoring enables us to assess the transition from aerobic to anaerobic exercise and ensured that oxygen consumption remained below exhaustion levels in our mice (Billat et al., 2005; Rocco et al., 2014) . The running protocol consisted of a slowly increasing speed from 9 m/min up to a maximal speed of 13 m/min at 0°of inclination for a total distance of 500 m. Speed was increased 1 m/min per minute. Thus the entire running protocol lasted ϳ40 min. This speed is ϳ75% the mean critical speed for mice, which correlates well with the lactate threshold (Billat et al., 2005) , and is well below the speed and distance previously reported to induce muscle damage in mice (Nakamura et al., 2005; Thabet et al., 2005) .
Ex vivo recording preparation. Ex vivo recording was performed as previously described by Jankowski et al. (2013) and Ross et al. (2014) . Briefly, mice were anesthetized with an intramuscular hindlimb injection of ketamine and xylazine (90 and 10 mg/kg, respectively) and perfused transcardially with oxygenated (95% O 2 -5% CO 2 ) artificial CSF (aCSF; in mM: 127.0 NaCl, 1.9 KCl, 1.2 KH 2 PO 4 , 1.3 MgSO 4 , 2.4 CaCl2, 26.0 NaHCO 3 , and 10.0 D-glucose) at 12-15°C. The right forelimb and the SC were then excised and placed in a bath of the same aCSF. The forelimb skin was removed along with the cutaneous branches of the median and ulnar nerves. The SC was hemisected and the median and ulnar nerves along with the forelimb muscles they innervate (with bone left intact) were dissected in continuity with their respective DRGs (C7, C8, and T1). After dissection, the preparation was transferred to a separate recording chamber containing cold oxygenated aCSF. The forepaw was pinned on an elevated platform, keeping the entire paw perfused in a chamber isolated from the DRGs and the SC. Finally, the bath was slowly warmed to 32°C before recording from the DRGs.
All single-unit recordings were made from the C7, C8, and T1 DRGs as these are the primary source of muscle afferent fibers in the median and ulnar nerves. Sensory neuron somata were impaled with quartz microelectrodes (impedance, Ͼ150 M⍀) containing 5% neurobiotin (Vector Laboratories) in 1 M potassium acetate. Electrical search stimuli were delivered through a suction electrode on the nerve to locate sensory neuron somata with axons in the median and ulnar nerves. The latency from the onset of this stimulus and the conduction distance between the DRG and the stimulation site (measured directly along the nerve) were used to calculate the conduction velocity (CV) of the fibers. Group IV afferents were classified as those with a CV Յ1.2 m/s, and group III afferents were those with CVs between 1.2 and 15 m/s . Peripheral receptive fields (RFs) in the muscles were localized by electrically stimulating the muscles with a concentric bipolar electrode. Only driven cells with RFs in the muscles then underwent mechanical, thermal, and chemical testing. Mechanical response characteristics were assessed with an increasing series of von Frey hairs ranging from 0.4 to 10 g (with diameters of 0.23-0.36 mm). Mechanical stimulation of the RF was held for ϳ1-2 s. Thermal responses were determined by applying hot (Ն52°C) or cold (Յ3°C) saline directly to the paw muscles at the electrically determined RF. Each application lasted ϳ1-2 s. After that, the muscles were exposed to an oxygenated "low" metabolite mixture (15 mM lactate, 1 M ATP, pH 7.0) and then to a "high" metabolite mixture (50 mM lactate, 5 M ATP, pH 6.6) delivered by a valve controller with an in-line heater to maintain solutions at bath temperature. ATP was added to the mixture immediately before delivery of metabolites. Adequate recovery times (ϳ20 -30 s) were used between stimulations. All elicited responses were recorded digitally for off-line analysis (Spike2 software, Cambridge Electronic Design). After physiological characterization, select cells were labeled by iontophoretic injection of 5% neurobiotin (1 or 2 cells/DRG).
Immunohistochemistry. Once a sensory neuron was characterized and intracellularly filled with neurobiotin, the DRG containing the injected cell was removed and immersion fixed with 3% paraformaldehyde in 0.1 M phosphate buffer (PB). DRGs were fixed for 30 min at room temperature and then changed to PB for storage before embedding in 10% gelatin. Embedded DRGs were then postfixed in 3% paraformaldehyde in 0.1 M PB, and cryoprotected in 20% sucrose. 50 m DRG, sections were collected in PB and then processed overnight for ASIC3 (guinea pig anti-ASIC3, 1:2000; Millipore) and P2X3 (rabbit anti-P2X3, 1:2000; Thermo Fisher Scientific). After incubation in primary antiserum, tissue was washed and sections were fluorescently labeled with secondary antibodies (anti-guinea pig AlexaFluor-647, 1:400, or antirabbit AlexaFluor-594, 1:400; Jackson ImmunoResearch Laboratories) as well as FITC-avidin (1:750; Vector Laboratories) to label neurobiotinfilled cells. Sections were mounted with Fluoromount G (Electron Microscopy Sciences) on gelatin-coated slides and stored in the dark at room temperature. To test the specificity of our antibody labeling, DRGs from a naive mouse were processed under the same protocol without adding a primary antibody for ASIC3 to one set of DRG samples as a negative control since a peptide is not commercially available to perform a peptide block control (Millipore). Exposure time during microscopic analysis for each positive and negative image was performed at the same intensity level to confirm staining above background. Distribution of fluorescent staining was determined with a Leica confocal microscope with sequential scanning to avoid bleed-through of the fluorophores. Images for publication were prepared using Photoshop Elements 6 software (Adobe).
Quantification of DRG neurons. Total cells containing P2X3 and ASIC3 were quantified in DRGs (either C7, C8, or T1) from Naive, BAO, PenCONϩBAO, or PenY1ϩBAO mice (n ϭ 3-5). The DRGs were taken after electrophysiological experiments and were processed for immunohistochemical analysis as described above. The numbers of positive cells were determined using a slightly modified methodology as previously reported by Christianson et al. (2006) and Jankowski et al. (2009) . In brief, three nonconsecutive sections were randomly chosen and Z-stacks were generated at 3 m intervals to create 15-m-thick optical sections using a Leica confocal microscope with sequential scanning. The number of P2X3-positive and ASIC3-positive cells was counted using Neurolucida software, ensuring that the same cell was not counted twice, averaged in the top, middle, and bottom optical section of each stack, and reported as mean Ϯ SEM.
Western blotting. C7-T1 DRGs were collected from the right side of Naive, BAO, PenCONϩBAO, and PenY1ϩBAO mice (n ϭ 3 each). PenCONϩBAO and PenY1ϩBAO groups were injected with siRNAs 2 d before performing the BAO similar to other experiments and tissue was collected 1 d after BAO in all groups. Tissue was pooled (DRGs from two mice per sample) and homogenized in lysis buffer containing 1% SDS, 10 mM Tris-HCl, pH 7.4, and protease inhibitors (1 g/ml pepstatin, 1 g/ml leupeptin, 1 g/ml aprotinin, 1 mM sodium orthovanadate, and 100 g/ml phenylmethylsulfonyl fluoride; Sigma-Aldrich Biochemicals). For isolation of membrane protein fractions, samples were processed using a Mem-PER Plus Membrane protein extraction kit (Thermo Fisher Scientific) following the provided instructions. Briefly, samples (n ϭ 3 per condition) were pooled and washed in provided wash buffer, then homogenized in permeabilization buffer and incubated for 10 min on ice with constant mixing, and then centrifuged at 16,000 ϫ g for 15 min at 4°C to pellet permeabilized cells. The supernatant containing cytosolic proteins was removed and stored at Ϫ80°C until use. The pellet containing the membrane-associated proteins was resuspended in solubilization buffer and incubated for 30 min at 4°C with constant mixing, then centrifuged at 16,000 ϫ g for 15 min at 4°C, and the supernatant containing the membrane proteins was used for subsequent analysis. All samples (20 g) were then centrifuged, boiled 10 min in a denaturing buffer containing ␤-mercaptoethanol and SDS, separated on a 12.5% precast polyacrylamide gel (Bio-Rad Laboratories) and transferred to an polyvinylidene difluoride membrane (PVDF; Merck Millipore) that was blocked in LiCor Blocking Buffer diluted 1:1 in 0.1 M PB. Membranes were then incubated in this same blocking solution containing 0.2% Tween 20 and primary antibodies overnight at 4°C. Antibodies used for Western blot were as follows: rabbit anti-P2Y1 (1:400; Alomone Labs); chicken anti-GAPDH (1:2000; Pro-Sci) and, for membrane fractions, guinea pig anti-ASIC3 (1:600; Merck Millipore). After incubation in primary antibodies, PVDF membranes were then washed and incubated with secondary antibody (donkey anti-chicken Dy680RD, 1:20,000; donkey anti-rabbit Dy800CW, 1:20,000; donkey anti-guinea pig IRDy800CW or Dy680RD, 1:15,000; Li-Cor Biosciences) diluted in blocking buffer containing 0.2% Tween 20 and 0.01% SDS. Membranes were washed and imaging was performed using a Li-Cor laser scanner for protein analysis. Immunoreactive bands were analyzed by measuring and plotting the band intensity and subsequently calculating the area under the curve using National Institutes of Health ImageJ software. Band intensity was normalized to GAPDH and reported as a ratio of P2Y1/GAPDH expression. For membrane fraction analysis, equal parts of each isolated fraction were loaded for direct quantification.
Statistical analysis. All values are presented as mean Ϯ SEM unless stated differently. Behavioral assays were tested with two-way repeatedmeasures ANOVA with Bonferroni's post hoc test. Differences in phenotype frequency between groups were compared using a 2 test. Mean peak instantaneous frequencies and thresholds to different peripheral stimuli were compared via Kruskal-Wallis one-way ANOVA on ranks with Dunn's post hoc test. Analysis of P2Y1 protein samples were assessed using a one-way ANOVA with Tukey's post hoc and for ASIC3 membrane protein using a one-way ANOVA with Holm-Sidak post hoc. Critical significance level was set at p Ͻ 0.05.
Results
P2Y1 regulates the development of pain-related behaviors and alterations in the cardiovascular response to exercise during BAO To assess the role of upregulated P2Y1 in primary afferents during BAO, we used our novel nerve-specific siRNA-mediated knockdown strategy (Jankowski et al., , 2010 (Jankowski et al., , 2012a to specifically inhibit the upregulation of P2Y1 in median and ulnar afferents during BAO. We first verified the specificity of our siRNA injections in blocking the reported upregulation of P2Y1 in the DRGs during BAO at the protein level using Western blotting analysis of DRG lysates from Naive, BAO, PenCONϩBAO, and PenY1ϩBAO mice. We confirmed a significant increase in the expression of P2Y1 protein in the DRGs during this ischemic insult (Naive, 0.12 Ϯ 0.04; BAO, 0.44 Ϯ 0.07; p Ͻ 0.05 vs Naive), and the same increase was observed in the PenCONϩBAO group (0.50 Ϯ 0.10, p Ͻ 0.05 vs Naive). Injecting P2Y1-targeting siRNAs into the median and ulnar nerves, however, effectively blocked the increase in DRG P2Y1 protein expression in mice with BAO (PenY1ϩBAO, 0.14 Ϯ 0.05; p Ͻ 0.05 vs BAO and PenCONϩBAO), confirming the efficacy of our technique to prevent P2Y1 upregulation (Fig. 1) .
To investigate the effects of BAO on muscle pain-related behaviors in addition to EPRs, we performed three different assessments that evaluate spontaneous pain-like behaviors (paw guarding), mechanical hypersensitivity (withdrawal thresholds to mechanical stimulation of the forepaws using von Frey filaments), and muscle function (forepaw grip strength) followed by evaluation of changes in the cardiovascular function (systemic blood pressure and heart rate) after forced exercise. We have previously shown that a sham surgery (insertion of a suture under the artery without tying) does not alter any other these measurements compared with naive (Ross et al., 2014) . While naive animals did not experience any change in guarding scores during 2 consecutive days of observation (baseline Naive, 0.00 Ϯ 0.00; vs 1 d Naive, 0.04 Ϯ 0.03, n ϭ 11), the mice exposed to BAO showed increased guarding scores of the injured forepaw when compared with their baseline, as did the group injected with nontargeting control siRNAs (baseline BAO, 0.02 Ϯ 0.06; vs 1 d BAO, 0.74 Ϯ 0.06; baseline PenCONϩBAO, 0.03 Ϯ 0.02; vs 1 d PenCONϩBAO, 0.82 Ϯ 0.15, n ϭ 10, p Ͻ 0.001). A different group of mice was injected with P2Y1-targeted siRNAs in the ulnar and median nerve of the right forepaw 2 d prior to performing a BAO. The PenY1ϩBAO group also showed a small but significant increase in guarding score when compared with its baseline and the Naive group (baseline PenY1ϩBAO, 0.02 Ϯ 0.08; vs 1 d PenY1ϩBAO, 0.38 Ϯ 0.08; n ϭ 10, p Ͻ 0.01); however, this increase was significantly lower than both BAO control groups ( Fig. 2A; p Ͻ 0.01) .
The BAO and the PenCONϩBAO groups also experienced significant decreases in the mechanical withdrawal thresholds versus their baseline measurements (baseline BAO, 1.99 Ϯ 0.15 g; vs 1 d BAO, 0.65 Ϯ 0.10 g; baseline PenCONϩBAO, 1.73 Ϯ 0.12 g vs 1 d PenCONϩBAO, 0.65 Ϯ 0.10 g, p Ͻ 0.001, n ϭ 10). Mechanical withdrawal thresholds in the Naive group were surprisingly also found to be slightly decreased after 24 h when compared with their own baseline (baseline Naive, 2.22 Ϯ 0.14 g; vs 1 d Naive, 1.59 Ϯ 0.14 g; n ϭ 11 p Ͻ 0.01), but this was not detected in the PenY1ϩBAO group (baseline PenY1ϩBAO, 1.59 Ϯ 0.15 g; vs 1 d PenY1ϩBAO, 1.44 Ϯ 0.15 g, n ϭ 10). Regardless, the mechanical withdrawal thresholds in the BAO control groups were still significantly lower versus the timematched Naive ( p Ͻ 0.001) and PenY1ϩBAO ( p Ͻ 0.003) groups at 1 d (Fig. 2B) . We did not observe any changes in guarding scores or mechanical withdrawal thresholds in the contralateral limb in any of the conditions (data not shown).
Muscle function, as assessed by grip strength, was not altered in the Naive group over consecutive days (baseline Naive, 112.97 Ϯ 3.54 g; vs 1 d Naive, 112.05 Ϯ 3.06 g). The BAO and the PenCONϩBAO controls, however, showed significantly decreased grip strength during ischemia compared with their baselines (baseline BAO, 113.54 Ϯ 1.40 g; vs 1 d BAO, 93.14 Ϯ 2.51 g, p Ͻ 0.001; baseline PenCONϩBAO, 115.26 Ϯ 1.84 g; vs 1 d PenCONϩBAO, 96.73 Ϯ 5.83 g, p Ͻ 0.001) and compared with the Naive group at 1 d (p Ͻ 0.01). The PenY1ϩBAO group showed a significant decrease compared with its baseline ( p Ͻ 0.05) but the decrease was not to the same extent as the BAO or PenCONϩBAO controls at the 1 d time point (Fig. 2C ; p Ͻ 0.05). Results from BAO and PenCONϩBAO confirm our previous work (Ross et al., 2014) .
We did not find any differences between the baseline measurements for systemic blood pressure or heart rate before or after 40 min of forced running in uninjured mice. Thus data were combined for baseline comparisons (Naive, 84.08 Ϯ 6.88 mmHg; BAO, 83.58 Ϯ 2.07 mmHg; PenCONϩBAO, 75.70 Ϯ 2.60 mmHg; PenY1ϩBAO, 76.76 Ϯ 2.56 mmHg). On the day after the BAO but before the exercise, no changes in the mean blood pressure (MBP) were observed compared with the baseline in any of the conditions (Naive 1 d prerun, 79.16 Ϯ 5.05 mmHg; BAO 1 d prerun, 80.14 Ϯ 2.52 mmHg; PenCONϩBAO 1 d prerun, Figure 2 . Ischemic insult increases spontaneous and evoked pain-related behaviors, reduces grip strength, and increases mean arterial blood pressure after exercise. A, One day after BAO or PenCON injection with BAO, paw-guarding scores are significantly increased compared with Naive mice; however, selective knockdown of P2Y1 (PenY1ϩBAO) partially prevents the observed injury-induced changes in guarding. B, Mechanical withdrawal thresholds are also found to be reduced after ischemic injury, but P2Y1 knockdown also partially prevents the development of mechanical hypersensitivity. C, Grip strength was significantly reduced compared with baseline in the BAO and PenCONϩBAO groups, but not in the Naive or P2Y1-knockdown mice. D, The BAO and PenCONϩBAO groups also showed a significant increase in systemic MBP specifically when low-intensity exercise was combined with the ischemic injury, but this was also prevented by afferent-specific inhibition of P2Y1. Two-way repeated-measures ANOVA with Bonferroni's post hoc, *p Ͻ 0.05 vs 1 d BAO, **p Ͻ 0.01 vs baseline and 1 d Naive. To determine whether the animals may have experienced increased pain-related behaviors or mechanical hypersensitivity during BAO due to exercise, we evaluated a separate cohort of mice before and immediately after exercise before performing either a BAO or a sham injury and then evaluated pain-related behaviors again 1 d after the surgery. In the Sham group, we did not detect any significant change before or after exercise in the guarding score ( 
Increased responses to heat and phenotypic changes in group III/IV afferents require the upregulation of P2Y1 in the DRGs
To determine whether upregulation of P2Y1 directly played a role in altering the muscle afferents during ischemia, we performed intracellular recordings from single DRG neurons using our ex vivo forepaw muscle preparation on all four conditions described above. We recorded 79 cells from Naive mice, 70 cells from BAO mice, 65 cells from the PenCONϩBAO group, and 69 cells from the PenY1ϩBAO group. CVs ranged from 0.22 m/s to 14.92 m/s with a mean of 0.57 Ϯ 0.17 m/s for the group IV afferents and a mean of 8.44 Ϯ 0.28 m/s for the group III fibers. Since we did not observe any significant differences between group III and group IV afferents for any response property analyzed (data not shown), we combined these data for ease of presentation.
There were no significant differences in the responsiveness to the low or high mixture of metabolites among the Naive, BAO, PenCONϩBAO, and PenY1ϩBAO groups (data not shown). However, we did find a significant change in the proportions of cells that responded to each specific combination of metabolites ( p Ͻ 0.01, 2 ). In the Naive mice, there was a similar proportion of cells that responded to low (55%, 12 of 22 cells) and high (45%, Figure 3 . Inhibition of P2Y1 during BAO prevents the injury-induced alterations in chemosensitive muscle afferent prevalence. A, A decrease in the percentage of cells responsive to low metabolite concentrations is observed after ischemic injury (BAO or PenCONϩBAO) compared with Naive mice, but this is not observed in the selective P2Y1-knockdown group. B, There are no significant alterations in the numbers of group III/IV muscle afferents that respond to high concentrations of metabolites in any condition. C, The observed increase in afferents that respond to both high and low concentrations of metabolites in the BAO and PenCONϩBAO groups is also prevented by selective knockdown of P2Y1. -Squared analysis, *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001 versus Naive and PenY1ϩBAO. Immunostaining of different intracellularly filled and functionally characterized muscle afferents from ex vivo recording in Naive, BAO Control, and PenY1ϩBAO conditions. A-D, Example of a characterized muscle afferent from a Naive mouse that responded only to low metabolites. This cell was negative for ASIC3 and P2X3. E-H, Another cell from a Naive mouse that responded to mechanical and heat stimuli in addition to high metabolites was positive for ASIC3 but not P2X3. I-L, A cell from a mouse with BAO that responded not only to mechanical stimulation but also to low and high mixtures of metabolites was positive for both ASIC3 and P2X3. M-T, A cell from a P2Y1-knockdown animal after ischemic injury that responded to mechanical stimulation and also to the high mixture of metabolites was found to be positive for ASIC3 and P2X3 (M-P), while another cell from this condition that only responded to the low-metabolite mixture was also immunopositive for ASIC3 but not P2X3 (Q-T ). U, V, Positive (U ) and negative (V ) immunohistochemistry controls show specific binding of ASIC3 antibody.
10 of 22 cells) metabolite mixtures, while very few cells were found to respond to both of the metabolite mixtures (5%, 1 of 22 cells). The BAO mice showed a completely different distribution of the metabolite-sensitive cells with very few fibers responding to the low mixture of metabolites (11%, 2 of 19 cells), a larger percentage responding to the high mixture (32%, 6 of 19 cells) and an even larger number responding to both metabolites (58%, 11 of 19), confirming previous reports by Ross et al. (2014) . This was very similar to what we observed in the PenCONϩBAO mice, in which few cells responded to the low metabolite mixture (19%, 5 of 27), a similar number responded to the high metabolite mixture (22%, 6 of 27), and a very high number responded to both metabolites (59%, 16 of 27). The PenY1ϩBAO group, however, did not experience this observed phenotypic switch and displayed a distribution similar to that of the Naive animals with 42% (13 of 31 cells) of cells responding to the low metabolite mixture, an equal number of cells responding to the high solution (42%, 13 of 31), and a very low percentage of cells that responded to both low and high mixtures (16%, 5 of 31 cells; Fig. 3A-C) .
Similar to findings in our previous report (Ross et al., 2014), we also observed a significant increase in responsiveness to heat in the BAO (28.20 Ϯ 4.72 Hz; n ϭ 12) and PenCONϩBAO (28.51 Ϯ 5.58 Hz; n ϭ 14) groups, when compared with the Naive (10.94 Ϯ 2.06 Hz; n ϭ 12, p Ͻ 0.04) and the PenY1ϩBAO groups (12.83 Ϯ 4.00 Hz; n ϭ 13, p Ͻ 0.05). The PenY1ϩBAO mice did not show any changes when compared with Naives (Fig. 4) . We did not observe any significant difference in mechanical threshold (Naive, 6.21 Ϯ 0.69 g, n ϭ 30; BAO, 4.36 Ϯ 0.53 g, n ϭ 33; PenCONϩBAO, 4.35 Ϯ 0.76 g, n ϭ 23; PenY1ϩBAO, 4.67 Ϯ 0.79 g, n ϭ 23) or mechanical responsiveness (Naive, 75.48 Ϯ 13.90 Hz, n ϭ 28; BAO, 77.55 Ϯ 17.20 Hz, n ϭ 24; PenCONϩBAO, 65.36 Ϯ 15.18 Hz, n ϭ 22; PenY1ϩBAO, 47.93 Ϯ 10.44 Hz, n ϭ 20). Response to cold saline was also not different between any group (Naive, 18.71 Ϯ 7.18 Hz, n ϭ 13; BAO, 11.90 Ϯ 2.96 Hz, n ϭ 11; PenCONϩBAO, 25.99 Ϯ 10.45 Hz, n ϭ 14; PenY1ϩBAO, 15.25 Ϯ 5.38 Hz, n ϭ 11).
ASIC3 as a potential downstream effector of P2Y1 upregulation after ischemia
We then assessed the expression of ASIC3 and the ATP-sensing P2X3 channel with immunohistochemical staining of electrophysiologically characterized group III/IV afferents. A total of 51 cells were intracellularly labeled, processed, and recovered from all four conditions. Of these cells, 35 responded to Ն1 variety of chemical stimulation. Two of four cells that responded to high metabolite solutions (metabonociceptors) in the Naive group were positive for ASIC3. One of four stained cells that responded to low metabolite mixtures (metaboreceptors) in Naive animals was positive for ASIC3 and this cell was also found to be P2X3 immunoreactive ( Fig. 5; Table 1 ). This latter result was the first time that we have observed a low-responding cell in the naive condition that was positive for this ion channel Ross et al., 2014) . However, it is important to note that this cell was also responsive to mechanical deformation of the muscles (in addition to heat and cold stimuli), and ASIC3 could thus have a more direct effect on this response property for this particular cell. In the BAO group, three of six metaboreceptors were ASIC3 positive while in the PenCONϩBAO group, two of seven metaboreceptors were ASIC3 immunoreactive (combined Control BAO groups: 5 of 13), confirming previous studies (Ross et al., 2014) . Surprisingly, inhibition of P2Y1 expression did not prevent metaboreceptors from positively labeling for ASIC3 after BAO (two of five). The metabonociceptors showed the same number of ASIC3-positive cells during ischemia as the Naive animals, and this expression was again not changed by the PenY1 injections during BAO. P2X3 was found in both metaboliteresponsive subpopulations in all conditions ( Fig. 5 ; Table 1 ).
Quantification of the average number of positive cells per DRG section also revealed that there was a significant increase in the number of P2X3-positive cells in the DRGs of the BAO group (38.33 Ϯ 5.38; n ϭ 5, p Ͻ 0.05) and the PenCONϩBAO mice (45.25 Ϯ 2.59; n ϭ 5, p Ͻ 0.001) compared with the Naive animals (16.33 Ϯ 3.50; n ϭ 3). The selective knockdown of P2Y1 did not prevent this increase in the number of P2X3-positive cells (PenY1ϩBAO, 39.44 Ϯ 6.55; n ϭ 3, p Ͻ 0.001). The total number of ASIC3-positive cells was also higher in the BAO group (44.00 Ϯ 6.19; n ϭ 5 p Ͻ 0.01) and the PenCONϩBAO group (47.58 Ϯ 2.90, n ϭ 5, p Ͻ 0.001), compared with Naive mice (19.78 Ϯ 2.48, n ϭ 3). Contrary to what we expected, however, PenY1 siRNA-injected mice with BAO again showed a significant increase of ASIC3-positive cells compared with the Naive mice (PenY1ϩBAO, 45.33 Ϯ 9.23; n ϭ 3, p Ͻ 0.01; Fig. 6A -D) and were not found to be different from the BAO mice ( p Ͼ 0.999) or PenCONϩBAO mice ( p Ͼ 0.999).
As our current and previous (Ross et al., 2014) data suggested that ASIC3 was likely an important player in mediating afferent chemosensitivity, we proceeded to evaluate whether the effect of P2Y1 was not due to changes in total protein expression but rather to membrane expression of specific channels. We thus isolated the membrane protein fraction of DRGs from the various experimental conditions. Western blotting analysis of membrane-bound proteins revealed that afferent-specific knockdown of P2Y1 was sufficient to reduce the increased membrane expression of ASIC3 (Fig. 6 E, F ) .
Discussion
This report is the first to show that upregulation of a purinergic receptor (P2Y1) in muscle sensory neurons during peripheral ischemic insults drives the alterations in afferent heat sensitivity in addition to changes in phenotypic identity (Figs. 3, 4) to dually modulate pain-related behaviors and the cardiovascular response to exercise (Fig. 2) . This study is also the first account of unilateral gene upregulation only in specified muscle afferents playing a role in systemic alterations in cardiovascular function while still retaining limb-specific effects on muscle nociception after injury. Mechanistically, the effect of P2Y1 upregulation in muscle afferents may be mediating these effects on sensory function and behavior by regulating membrane expression of ASIC3 (Figs. 5, 6 ). BAO sensitizes muscle nociceptors through a P2Y1-mediated mechanism to dually regulate nociception and cardiovascular reflexes We have shown that BAO increases spontaneous pain-related behaviors, induces mechanical hypersensitivity, and reduces grip strength. At the same time, group III/IV muscle afferents show an increased response to heat stimulation and a phenotypic switch from single-modality chemosensitivity to polymodal chemosensitivity, which appears to play an important role in the behavioral changes observed during ischemic injury. Data from these new cohorts are in agreement with our previous reports (Ross et al., 2014) . Although these tests by themselves are not specific for muscle hypersensitivity and, under our conditions, ischemia could affect cutaneous tissue, collectively the behavioral tests being used, in conjunction with the recording analyses of muscle afferents specifically, provide insight into the ongoing deeptissue sensitivity during ischemia in the affected limb. ASICs (Benson et al., 1999; Immke and McCleskey, 2001; Naves and McCleskey, 2005; Yagi et al., 2006; Birdsong et al., 2010) , P2X receptors (Dessem et al., 2010; Noma et al., 2013) , and inflammatory cytokine receptors (Dina et al., 2008; Noma et al., 2013; Alvarez et al., 2014) have all been implicated in modulating nociceptive responses in muscle afferents. P2Y1 has been specifically linked to reduced heat responses (Molliver et al., 2011) and phenotypic switching in cutaneous afferents during inflammation of the skin (Jankowski et al., 2012a ). In the current study, we observed a change in the firing of afferents to heat stimulation of the muscles during ischemia in addition to an altered prevalence of specific chemosensitive fibers (Figs. 3, 4) . In a rat model of thrombus-induced ischemic pain, P2Y1 has been shown to play an important role in behavioral heat responsiveness (Kwon et al., 2014) , and we showed here that heat hypersensitivity in afferents was prevented by selective knockdown of P2Y1 (Figs. 1-4) . P2Y1 knockdown also prevented or reduced all pain-related behavioral changes observed during ischemia (Fig. 2 ), yet we did not observe any changes in the mechanical sensitivity in muscle afferents. It is possible that the in vivo mechanical hypersensitivity (Fig. 2) observed during BAO may be due to a combination of de novo expression of ASIC3 and subsequent direct influence of P2Y1 on membrane expression of this channel in metaboreceptors (Figs. 5, 6 ) as this ion channel has been specifically implicated in mechanical hypersensitivity in other models of muscle pain (Sluka et al., 2003; Hori et al., 2010; Walder et al., 2010 Walder et al., , 2011 Taguchi et al., 2015) . Furthermore, as shown previously (Light et al., 2008; Jankowski et al., 2013) , there are two populations of chemosensitive afferents innervating muscles. While low responders probably fulfill a metaboreceptor function, high responders seem to work as metabonociceptors. Here we observed a population of muscle afferents that normally responds to a relatively innocuous chemical stimulus produced by contracting Figure 6 . Selective knockdown of P2Y1 in muscle afferents does not alter the de novo expression of P2X3 or ASIC3 in DRGs after BAO but does reduce the membrane expression of ASIC3. A-C, The average number of cells per section that were positive for P2X3 (A) and ASIC3 (B) and that coexpressed ASIC3 and P2X3 (C) was significantly increased during ischemia (BAO and PenCONϩBAO) compared with Naive, but this was not reversed by the P2Y1 knockdown (PenY1ϩBAO). Kruskal-Wallis with Dunn's post hoc; *p Ͻ 0.02 vs Naive. D, Examples of immunostaining in DRGs from Naive, BAO, and PenY1ϩBAO conditions. E, The membrane protein fraction isolated from DRGs of ischemic mice (BAO and PenCONϩBAO) shows increased expression of ASIC3 versus Naive mice; inhibition of P2Y1 partially blocked this increase in membrane-bound ASIC3 in DRGs during BAO (one-way ANOVA with Holm-Sidak post hoc; **p Ͻ 0.02 vs Naive and PenY1ϩBAO; *p Ͻ 0.03 vs Naive and p ϭ 0.069 vs PenY1ϩBAO). F, Examples of DRG membrane fraction Western blots for ASIC3 in Naive, BAO, PenCONϩBAO, or PenY1ϩBAO mice. muscles responding to a more noxious environment (Figs. 4, 5) . This switch in subtype prevalence was prevented by selective knockdown of P2Y1, suggesting that P2Y1 plays an important roles in not only sensing the environment around the nerve endings but also in driving the sensitization and phenotypic identity of muscle afferents, likely leading to the pain-related behaviors observed (Kumazawa and Mizumura, 1977; Kaufman et al., 1984 Kaufman et al., , 1988 Rybicki et al., 1985; Thimm and Baum, 1987; Sinoway et al., 1993; Mense, 2009) .
Group III/IV fibers can thus function as nociceptors or metaboreceptors, but the latter function has been classically associated with the afferent arm of the EPR (Kaufman, 2012) . There are multiple studies in which arterial occlusion with a 10 -20% blood flow reduction increased EPRs Stone et al., 2015) . In patients with peripheral artery disease, for example, the cardiovascular response to mild exercise was increased when compared with healthy human subjects (Baccelli et al., 1999 ). An interesting result from our study and others was the finding that a full occlusion of a major artery does not induce any detectable cardiovascular changes by itself. However, combination of both an ischemic injury and moderate exercise produced a significant change in systemic MBP, which was ablated by selective unilateral inhibition of P2Y1 upregulation in median and ulnar muscle afferents (Figs. 1, 2) . Together with results from pain-related behavioral assessments, this not only implies that P2Y1 plays an important role in the generation of the EPR during ischemia, but also that the afferents involved in the dysregulation of the EPR during ischemia are the same population of muscle-sensory neurons that function as nociceptors to regulate pain-like behaviors in the same ischemic setting. Although we did not detect a significant change in the heart rate in any of our experimental conditions as was shown in other preclinical (Hayes et al., 2007; Tsuchimochi et al., 2010) and clinical (Baccelli et al., 1999; Muller et al., 2015) reports, this is likely due to faster recuperation of this parameter between the end of forced exercise and the initiation of cardiovascular monitoring in addition to our low-intensity exercise protocol.
Role of ASIC3 after ischemic injury ASIC3 has been linked to mechanosensation as well as responsiveness to lactate and protons (Immke and McCleskey, 2001; Naves and McCleskey, 2005; Light et al., 2008; Birdsong et al., 2010) . Although we recognize the limitation of not being able to verify antibody specificity in a knock-out mouse, controls presented here (Fig. 5 ) and in previous reports by our group (Ross et al., 2014) and others (Liu et al., 2010; Xing et al., 2012) have shown that after ischemia, ASIC3 is highly upregulated in the DRGs over naive levels (Molliver et al., 2005; Jankowski et al., 2013) . It is interesting that most cells that function as metaboreceptors tend to be ASIC3 negative Ross et al., 2014; this report) . However, in this study, we found for the first time that one cell that responded to the innocuous mixture of metabolites was ASIC3 positive. In any case, this is a very rare occurrence and it is possible that this cell may serve a purpose different from metaboreception as it was also mechanically sensitive. Nevertheless, we have confirmed in this report that cells responding to both metabolite mixtures appear to increase (Fig.  4 ) and contain ASIC3 (Fig. 5) after ischemia. Since P2Y1 inhibition was effective in reverting both the phenotypic switch and the heat hypersensitivity observed in muscle afferents during ischemia, we hypothesized that this could be due to a P2Y1-mediated increase in the expression of ASIC3. However, we found that selective knockdown of P2Y1 was unable to prevent the observed increase in the number of cells positive for ASIC3 in the DRGs. Since P2Y1 is a G-protein-coupled receptor, there are a variety of different mechanisms that could be involved in the modulation of ASIC3. We thus analyzed the membrane expression of ASIC3 in the DRGs from our groups to determine whether P2Y1 upregulation may be modulating insertion of this channel into the cell membrane during ischemia. We indeed found that the membrane fraction of ASIC3 is increased during ischemic injury in DRGs and this increase was altered by P2Y1 inhibition during BAO (Fig. 6 ). Thus ASIC3 likely plays an important part in the observed phenotypic switching in muscle afferents during BAO and this process is at least in part regulated by P2Y1. However, the mechanism of how this purinergic receptor interacts with ASIC3 is not clear and warrants further investigation.
Significance
We have described for the first time a mechanism by which muscle afferents regulate two distinct biological processes simultaneously (nociception and EPRs) during conditions of reduced blood flow and oxygenation of the periphery. The upregulation of the ADP-sensitive P2Y1 receptor in the affected muscle afferents controls heat responsiveness and chemosensitivity to regulate these behavioral responses by possibly regulating the membrane expression of ASIC3. Although it is difficult to determine whether nociception precedes alterations in EPRs or vice versa, the dual regulation of these phenomena through the group III/IV muscle afferents may explain the concurrent expression of altered cardiovascular function and peripheral perfusion anomalies, in addition to muscle pain, in patients with ischemic conditions like PVD or CRPS (Veldman et al., 1993; Jänig and Baron, 2003; Hodges et al., 2006; Bartur et al., 2014) . Results may thus provide a unique direction of therapeutic development for patients with ischemic myalgia and altered cardiovascular function.
